Magnetic systems with spins sitting on a lattice of corner sharing regular tetrahedra have been particularly prolific for the discovery of new magnetic states for the last two decades. The pyrochlore compounds have offered the playground for these studies, while little attention has been comparatively devoted to other compounds where the rare earth R occupies the same sub-lattice, e.g. the spinel chalcogenides CdR2X4 (X = S, Se). Here we report measurements performed on powder samples of this series with R = Yb using specific heat, magnetic susceptibility, neutron diffraction and muon-spin-relaxation measurements. The two compounds are found to be magnetically similar. They long-range order into structures described by the Γ5 irreducible representation. The magnitude of the magnetic moment at low temperature is 0.77 (1) and 0.62 (1) µB for X = S and Se, respectively. Persistent spin dynamics is present in the ordered states. The spontaneous field at the muon site is anomalously small, suggesting magnetic moment fragmentation. A double spin-flip tunneling relaxation mechanism is suggested in the cooperative paramagnetic state up to 10 K. The magnetic space groups into which magnetic moments of systems of corner-sharing regular tetrahedra order are provided for a number of insulating compounds characterized by null propagation wavevectors.
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I. INTRODUCTION
The study of geometrical frustration, where the crystal geometry prevents individual interactions from being satisfied, is one of the central themes in condensed matter research. Following the rich phase diagrams discovered for the insulating pyrochlore compounds R 2 M 2 O 7 , where R is a trivalent rare-earth ion and M = Ti, Sn [1, 2] , there is a strong momentum to look at other compounds crystallizing within the same cubic crystal structure, but with different M tetravalent elements. For example, reports have been presented for M = Zr [3] [4] [5] [6] [7] [8] , M = Hf [9] [10] [11] , M = Pb [12, 13] , M = Pt [14] [15] [16] , and M = Ge [12, [16] [17] [18] [19] [20] .
The crystal electric fields acting on the R ions for these compounds [21] are expected to be rather similar. This is understandable since the ion geometry arrangement around them is the same. Interestingly, there is another family of compounds for which the R ions also sit on a lattice of corner-sharing regular tetrahedra: the cadmium chalcogenide spinels [22] . They are of particular interest because the point symmetry (3m) at the R site is the same as in the pyrochlores but the coordination and bonding around R with the O 2− neighboring ions forming a nearly regular octahedron is very different; see Fig. 1 . Therefore their crystal-electric fields (CEFs) should be substantially different. This is confirmed by the appearance of a spin-ice state in CdEr 2 Se 4 [24] and possibly in CdEr 2 S 4 [25] , and its absence in CdHo 2 S 4 [26] . This is in contrast to the pyrochlore titanates or stannates for which the spin ice state is observed when R = Ho, whereas the R = Er systems have planar local anisotropy. Therefore the spinels offer the possibility to extend the study of the lattice of corner sharing R tetrahedra to unknown territory thanks to different CEFs.
Here, we report an investigation of the insulating spinel chalcogenides CdYb 2 X 4 with X = S or Se performed on powder samples using specific heat, magnetic susceptibility, neutron diffraction and muon-spin-relaxation (µSR) measurements. Compared to the study performed by Higo and collaborators for the same compounds [27] , we determine their magnetic structure and present a characterization of their spin dynamics using µSR. In con-trast to the pyrocholore ytterbium stannate and titanate which are splayed ferromagnets [28, 29] , the two ytterbium spinels are antiferromagnets with magnetic moments perpendicular to their local three-fold axis. However, the observed paramagnetic spin tunneling is rather similar to previous findings for Yb 2 [30, 31] , pointing to the topology of the cornersharing tetrahedra lattice as its origin.
II. EXPERIMENTAL
The synthesis of CdYb 2 S 4 and CdYb 2 Se 4 was achieved in a two-step approach using sealed quartz ampoules. High purity starting materials (5N) were used: ytterbium metal, sulfur, and CdS, or selenium and CdSe. The first step was the preparation of Yb 2 S 3 and Yb 2 Se 3 by heat treatment up to 650
• C. The second step consisted of grinding the mixture CdS and Yb 2 S 3 (or CdSe and Yb 2 Se 3 ), then pressing it into pellets. The final solid state reaction leading to CdYb 2 S 4 and CdYb 2 Se 4 was achieved by heating the pellets up to 900
• C for two weeks. The single phase nature of the obtained compounds was checked by X-ray powder diffraction. A more detailed discussion of the crystalline purity of the two samples will be presented in Sec. III B 1.
The heat capacity and susceptibility measurements were performed with commercial instruments, namely the Physical Property Measurement System and the Magnetic Property Measurement System, both from Quantum Design, inc. The neutron diffraction measurements were conducted at the D20 high-intensity powder two-axis diffractometer of the Institut Laue Langevin, Grenoble, France. The muon spin rotation and relaxation measurements (µSR) were mostly performed at the MuSR spectrometer of the ISIS pulsed muon source, Rutherford Appleton Laboratory, Chilton, UK, and partly at the GPS spectrometer of the Swiss Muon Source, Paul Scherrer Institute, Villigen, Switzerland.
Owing to the strong neutron absorption cross-section of Cd, we used a hollow cylinder sample holder for the diffraction experiments: for each compound ≈ 8 g of powder were inserted into the space available between the two coaxial cylinders of diameter 14 and 16 mm.
III. RESULTS

A. Macroscopic measurements
In Fig. 2 we display the specific heat C p in the whole temperature range. The results for the two compounds are rather similar, except above ≈ 7 K for which the thermal response is larger for CdYb 2 Se 4 . This is essentially explained by a sizably larger molar mass of this system which shifts down its phonon spectrum relative to the other. This will not concern us here. Similar peaks are observed just below 2 K pointing out thermodynamic phase transitions. The peak shape suggests these transitions to be second order. We shall determine with neutron and µSR that they are of magnetic origin. Only mild bumps in C p are observed between 2 and 6 K. Hence, short-range magnetic correlations in the correlated states are relatively weak in these compounds [32] .
In Fig. 3 the low temperature parts of C p are shown. The critical temperatures T c extracted from C p are listed in Table I . Below T c we find C p ∝ T 3 , a power law behavior expected for a conventional antiferromagnet. The spin wave velocities v sw , deduced from C p following the method explained elsewhere [33] , are given in Table I . Knowing v sw , the scale of the exchange integral I can be TABLE I. Different physical parameters resulting from this study. The quantities are the spin wave velocity vsw, the lattice parameter a, the position parameter x for the chalcogen element (determined at 10 and 2.7 K for the sulfide and selenide, respectively), the critical temperature Tc of the magnetic transition derived from the heat capacity data, and the spontaneous moments at 100 mK. The units are given in the second row. The uncertainties are only of statistical origin. inferred [33] . We get I/k B = 0.40 (1) K and 0.35 (1) K for the sulfide and the selenide, respectively. Here, k B is Boltzmann's constant. In line with the similarity of C p , the variation of magnetic entropy (Fig. 3) follows the same trend for the two compounds, except for a temperature shift corresponding to the transition temperature difference. Between 0.5 and 4 K this variation approaches 4 J/(K mol Yb), i.e. ≈ 0.7 R ln 2 where R is the ideal gas constant.
The inverse susceptibility data are collected in Fig. 4 . The magnetic responses are rather similar, in particular at low temperatures. The expected straight line in a Curie-Weiss picture can be approximately found above ≈ 50 K and at low temperature. However the Curie-Weiss temperature θ CW deduced from such analysis would depend on the temperature range at which the analysis is performed. In fact, the thermal behavior of the susceptibilities is strongly influenced by the crystal-fields acting at the rare-earth ions [27] . We will therefore use the mean-field approximation formula I = 3k B |θ CW |/z nn J(J + 1) (see, e.g. Ref. [33] ) to deduce |θ CW | ≈ 13 and 11 K for the sulfide and selenide, respectively. Here J = 7/2 is the spin of the Yb 3+ manifold and z nn = 6 is the number of nearest neighbors to a magnetic ion. The θ CW values are consistent with those found by Higo et al. With a ratio f = |θ CW |/T c > ∼ 6 for the frustration index [34] , we conclude to the influence of frustration on the magnetic properties of these two spinels.
Our bulk data clearly show that the two compounds have similar magnetic properties. Table I suggests the selenide to be slightly less magnetic than the sulfide.
We now turn to the microscopic probe measurements which reveal exotic magnetic properties.
B. Microscopic probe measurements
Neutron diffraction results
The crystallographic structure of the CdYb 2 S 4 and CdYb 2 Se 4 spinels is described according to the Fd3m cubic space group [35, 36] . With the adopted description where the origin of the cubic unit cell is at a point of symmetry3m, the Cd and Yb ions respectively occupy 8a and 16d Wyckoff positions of respective coordinates ( 2 ). The S or Se ions are located at a 32e position (x, x, x). From our Rietveld neutron refinements using Fullprof [37] , we obtain the lattice parameters a and the chalcogen position parameters x as given in Table I .
Figures 5 and 6 display the diffraction diagrams recorded at 10 K for CdYb 2 S 4 and 2.7 K for CdYb 2 Se 4 , respectively. For both compounds the width of the Bragg peaks corresponds to the instrument resolution. The structure refinements are very good. Only a peak at ≈ 74.5
• and perhaps two very tiny contributions at about 63
• and 97
• in the CdYb 2 S 4 data are not present in the model, suggesting the presence of a minority parasitic phase in this sample.
The magnetic scattering data deduced from the difference of the diffraction diagrams recorded at 100 mK and 10 K for CdYb 2 S 4 and at 100 mK and 2.7 K for CdYb 2 Se 4 exhibit neutron intensity at the positions of the nuclear Bragg peaks. An additional narrow peak is observed at scattering angle 2θ ≈ 10.3
• and 10.1
• for the sulfide and selenide, respectively (Figs. 7 and 8). Relative to the other magnetic peaks, its intensity is somewhat stronger for the former compound. Remarkably, the peak observed in CdYb 2 Se 4 could be indexed as (
). This is not the case for the sulfide peak for which the ( • compared to the observed peak. It would be tempting to assign these peaks at low angles to a structure with a magnetic propagation vector equal or close to k = ( ). This idea suffers, however, from two strong reservations: (i) there are no further magnetic peaks which could be linked to this hypothetical propagation vector and (ii) some scattering intensity is still observed around 10
• in CdYb 2 S 4 at 2.5 K, i.e. above the T c value deduced from the heat capacity measurements and at a temperature where all other magnetic peaks have vanished. These facts strongly suggest that the intensity observed around 10
• in both compounds arises from a long-range ordered magnetic parasitic phase present in the two compounds, a nuclear reflection of which is observed at 10 K and 74.5
• in the sulfide. For the analysis of the magnetic scattering data, only the intensity recorded above 11
• for the two systems will be considered.
The magnetic diffraction patterns are displayed in Figs. 7 and 8 for CdYb 2 S 4 and CdYb 2 Se 4 respectively. Following the previous discussion, since the magnetic intensity of the CdYb 2 S 4 and CdYb 2 Se 4 phases is only observed at the nuclear Bragg peak positions, we conclude that the magnetic structure propagation wavevector is k = (0, 0, 0). The magnetic order is long range since the width of the magnetic Bragg peaks corresponds to This representation is two-dimensional with basis vectors denoted as ψ 2 and ψ 3 . The magnetic structures arising from ψ 2 , ψ 3 , or any linear combination of them yield the same neutron diffraction pattern for a powder. For a reliable selection, measurements with polarized neutrons on crystals would be needed [39] . Powder measurements under an applied magnetic field are an alternative [40] . The common feature of ψ 2 and ψ 3 is that the magnetic moment at each rare earth is perpendicular to the local trigonal axis (Fig. 9) . Figures 10 and 11 display the temperature dependences of the Yb 3+ magnetic moment as determined by neutron diffraction. The magnetic moments at 100 mK are listed in Table I . The magnetic moment moduli are somewhat reduced relative to ≈ 1 µ B in the Yb 2 Ti 2 O 7 and Yb 2 Sn 2 O 7 pyrochlore compounds, illustrating the difference between the pyrochlores and the spinels. An understanding of this difference requires to determine the crystal-field ground state and the strength of the molecular field at the rare-earth site.
µSR results
In Fig. 12 we display asymmetry spectra recorded close to the magnetic transition for the two compounds. The detection of oscillations characteristic of spontaneous muon precession means that a compound is magnetically ordered at the temperature of observation [41] . It is clearly the case at 1.70 and 1.65 K for the selenide and 1.82 K for the sulfide. The T c values from specific heat and the measured µSR spectra are consistent. The spontaneous field at the muon site is plotted versus temperature in Figs. 10 and 11 , respectively for the two com- pounds. The thermal variations deduced from neutron diffraction and µSR are consistent. To conclude our discussion of the spectra below T c , we note the finite slopes at long time. They are in fact temperature independent down to far below 0.1 K. The associated spin-lattice relaxation rate is λ Z ≈ 0.4 µs −1 for the two compounds, a signature of the so-called persistent spin dynamics [30] .
It has been recently shown that careful analyses of µSR spectra recorded in correlated paramagnetic regimes can yield useful information [31, 42] . The spectra for the two compounds of interest here are best described as the weighted sum of two dynamical Kubo-Toyabe functions; see Fig. 13(a) for an illustration in the case of CdYb 2 Se 4 . Figure 13 (b) displays the temperature dependence of the parameters extracted from a combined fit of the seven zero-field (ZF) spectra recorded for CdYb 2 Se 4 : the relative population of one of the two muon sites f 1 , the field widths ∆ i and the common inverse correlation time ν c . Similar spectra (not shown) were obtained for CdYb 2 Field width range of the inverse microsecond and an increase in field width as the compound is cooled to T c . At first sight, one could be surprised by the small ν c values. The strong effect of an external field as small as 10 mT on the spectra is an additional proof of the quasi-static spin dynamics at play; see Fig. 14. As expected, the f 1 parameter is essentially found to be temperature independent, with the exception of the region close to T c where features associated with the magnetic transition could not be grasped by the model. 
IV. DISCUSSION
We first stress that the results from Ref. 27 and ours compare favorably when comparison is possible, i.e. whenever data for a given technique are available from both studies. This means that samples of different origin have similar responses. The two compounds of the current study show a very similar behavior with a notable exception. Whereas the temperature dependence of the order parameter follows the prediction from a mean-field model based on the Brillouin function for CdYb 2 S 4 , this is not the case for the selenide (Figs. 10 and 11) . We find the magnetic moment and even more convincingly the spontaneous field at the muon site, which is expected to be proportional to it, to drop more slowly. This is quantitatively illustrated by the difference in the exponent β resulting from the fits shown in the two figures. A possibility could be that the dimensionality of the magnetic interactions is reduced in the selenide compared to the sulfide. The difference must be subtle since it is not reflected in the macroscopic data reported in Sect. III A.
We now discuss the observed magnetic structures and compare them with structures already established for pyrochlore oxides. Then we shall consider the spin dynamics in the ordered state, followed by a discussion of the dynamics in the correlated paramagnetic regime.
Due to powder averaging, it is not possible from our measurements to determine which of the two basis vectors of Γ 5 describes the magnetic structures of the two investigated spinels [39] [43] . However, we already know that we are dealing with antiferromagnetic compounds with magnetic moments perpendicular to the local threefold axis. This is in clear contrast to the pyrochlore ytterbium titanate and stannate which are splayed ferromagnets [44] . These results confirm that for a given rareearth ion the spinel chalcogenides and pyrochlore oxides can display very different magnetic properties such as the magnetic structures. Based on the work of Ref. 24 In Table II we provide the magnetic and structural space groups corresponding to the modes associated with the four Γ 3,5,7,9 irreps which are found for magnetic structures with a k = (000) propagation vector. In addition we list the related rare earth pyrochlores and spinel chalcogenides for which the magnetic structures have been determined, restricting ourselves to insulating systems where only the rare earth sublattice is magnetic [50] . Remarkably, only the neodymium oxides keep their paramagnetic cubic crystal structure as they order magnetically, thanks to the all-in-all-out magnetic structure they adopt. The diversity of magnetic structures illustrates the ground state delicate nature resulting from frustration. A consistent theoretical modeling of this large variety would be welcome. A first step theoretical analysis has just been published [51] . It takes for granted k = (000) and determines the magnetic ground state as a function of Curnoe's exchange parameters [52] using a set of complementary approximate methods. A justification of the ubiquitous k = (000) would be worthwhile. In addition, this approach is still only valid for fictitious spinor crystal-field ground states.
We now consider the µSR data in the ordered magnetic states. Spontaneous fields are observed for both compounds. However, scaling them with the spontaneous field and the magnetic moment of Cr reported for the chromium thio-spinel CdCr 2 S 4 [53, 54] , we compute an ytterbium magnetic moment ≈ 0.1 µ B . This is too small by nearly an order of magnitude. In fact, the absence of a spontaneous field in magnetically ordered pyrochlores is not a rare feature [30] . It has been argued to be the signature of the dynamical nature of the magnetic ground state [48] . It could be related to the fragmentation of the Yb 3+ magnetic moments into two parts: static and dynamical components. The latter component could wash out the spontaneous field to a certain extent in the µSR time scale. It would be complete for Tb 2 Sn 2 O 7 for example, and partial for the compounds of interest in this paper. A picture within a classical physics framework has been presented [55] . An extension incorporating quantum mechanics is urgently needed.
As usual for geometrically frustrated materials, persistent spin dynamics is present in the ordered state. This is detected through a measured temperature independent spin-lattice relaxation rate and has been taken as the signature of spin loops [26] . This is again a proof of exotic spin fluctuations in the ordered state, albeit of origin dif-TABLE II. Magnetic space groups associated with each mode of the different irreps for k = (000) structures in insulating pyrochlore magnets. The magnetic space groups have been determined using the Bilbao Crystallographic Server [45] . For reference, the crystallographic space group and the magnetic moment components at each rare earth site are indicated. The site coordinates correspond to neighboring rare earths forming the corners of a regular tetrahedron. A dash sign means that the cell content is identical to the cell above. The prime superscript in some magnetic space groups indicates that the symmetry operation is combined with time reversal. Examples of nature realization of different magnetic structures are given in the last columns together with references. Er2Ge2O7 [18] is suggested to order according to mode ψ3 [note (i)], while Yb2Ge2O7 orders within Γ5 [19] , i.e. the mode combination is unknown. The magnetic structure of Gd2Sn2O7 is described by one of the three Γ7 modes.
a The two spinel compounds of the current study CdYb2S4 and CdYb2Se4 order according to the ψ2 or ψ3 mode (Γ5) or a linear combination of them. In the latter case their magnetic space group would be Fddd, like their space group. Notice that the Yb2Ti2O7 magnetic structure does not belong to any of the mentioned representations. Its symmetry is lower: the magnetic space group is Im ′ m ′ a and the corresponding structural space group is Imma [44] . ferent from the anomalously small spontaneous fields. In fact, persistent spin dynamics is ubiquitous no matter the ground state of the compound, i.e. magnetically ordered or not.
Finally, we turn to the correlated paramagnetic regime probed up to ≈ 10 K. Similar results are again obtained for the two compounds. The most remarkable feature is the temperature independence deep in the paramagnetic phase, up to 10 K, of the inverse of the correlation time of the magnetic fluctuations with a value ≈ 3 µs −1 . Evidence is now accumulating for spin dynamics in this time range or even slower [31, 42, 56] . It could reflect a double spin-flip tunneling relaxation mechanism [57] as recently argued [56] . Interestingly, the approach to the magnetic phase transition is not seen through spin dynamics, but in the noticeable increase of the static field width as the compound is cooled. This is still to be understood.
V. CONCLUSIONS
An experimental study of two spinel ytterbium chalcogenides has been presented. In contrast to the splayed ferromagnetic order of the pyrochlore ytterbium stannate and titanate, the spinels are antiferromagnets with moments perpendicular to the local three-fold axis. Their magnetic structures can be described by the Γ 5 representation. Spontaneous magnetic fields at the muon site are observed, albeit with extremely reduced values. This suggests the magnetic (ordered) ground states to be of dynamical origin. Persistent spin dynamics observed through the spin lattice-relaxation channel are an additional proof of it. Quantum spin tunneling is detected in the correlated paramagnetic regime.
These magnetic properties invite us to consider tetrahedra of spins rather than single-ion spins as the building blocks in the correlated paramagnetic regime and its extension in the ordered states [26] . In fact it seems that the dynamical magnetic properties of the lattice of cornersharing tetrahedra owe much to their topology since these properties are shared by a large number of compounds, no matter the nature of their magnetic structure. Interestingly, tetrahedra of spins have recently been considered as key ingredients for a theoretical modeling of the physics in the magnetically ordered states of cornersharing tetrahedra systems [51] .
From the experimental viewpoint, a spectroscopic determination of the CEFs for the different compounds is needed to complete the experimental physical picture. Combining results from spinels with different rare-earth ions for that purpose would be of great help to pinpoint the six crystal-field parameters [21, 58] .
